Somatic mutations of PTEN are found in many types of cancers including glioblastoma, the most malignant astrocytic tumor. PTEN mutation occurs in 25 to 40% of glioblastomas but is rarely observed in low-grade glial neoplasms. To determine the role of Pten in astrocytes and glial tumor formation, we inactivated Pten by a Cre-loxP approach with a GFAP-cre transgenic mouse that induced Cre-mediated recombination in astrocytes. Pten conditional knockout mice showed a striking progressive enlargement of the entire brain. Increased nuclear and soma size was observed in both astrocytes and neurons, which contributed in part to the increase in brain size. Pten-deficient astrocytes showed accelerated proliferation in vitro and aberrant ongoing proliferation in adult brains in vivo. In contrast, neurons lacking Pten did not show alterations in proliferation. This study shows cell-type dependent effects of Pten loss in the adult brain, including increased astrocyte proliferation that may render astroglial cells susceptible to neoplastic transformation or malignant progression.
INTRODUCTION
PTEN plays an important role in growth regulation relevant to tumorigenesis as well as in the normal development of multiple tissues. As a tumor suppressor gene, PTEN is frequently inactivated by somatic mutation in sporadic tumors of the brain, endometrium, and prostate, and with lower frequency in other tumor types (1) . Inherited PTEN mutation results in cancer predisposition in breast, thyroid, and endometrial tissues. In addition, developmental abnormalities, including hamartomas in multiple tissues, enlarged brain size (macrocephaly), seizures, ataxia, mental retardation, and a cerebellar growth disorder termed Lhermitte-Duclos disease also occur. The penetrance of these inherited abnormalities is highly variable, leading to a wide range of disease severity associated with germline PTEN mutation (2) .
PTEN is a lipid phosphatase that dephosphorylates the 3Ј position of both phosphatidylinositol 3,4,5-triphosphate and phosphatidylinositol 4,5-bisphosphate. This activity directly reverses the phosphorylation catalyzed by phosphatidylinositol 3Ј-kinase (PI3k), thereby placing PTEN as a central negative regulator of the phosphatidylinositol 3Ј-kinase pathway (3) . PTEN is believed to exert its tumor suppressor activity predominantly through negative regulation of the growth, proliferative, and survival signals transduced through phosphatidylinositol 3Ј-kinase pathway signaling. Consistent with this hypothesis, the vast majority of PTEN mutations observed in human tumors ablate PTEN lipid phosphatase activity (4) . Intriguingly, there are additional PTEN functions, which may be independent of its lipid phosphatase activity, including negative regulation of p53 and inhibition of glioma cell migration (5, 6) .
The critical role of Pten in development is underscored by the embryonic lethality observed in Pten-null mice at approximately day E7.5 (7) (8) (9) . These Pten-deficient embryos exhibit abnormal placental formation and patterning defects in the cephalic and caudal regions. To gain insights into the role of Pten in specific tissues and to circumvent the embryonic lethality observed in conventional knockout mice, Cre/loxP-mediated Pten inactivation has been used to dissect the complex and context-dependent roles performed by Pten in development, homeostasis, and tumor suppression (4) . These studies indicate several fundamental cellular processes for which Pten is required, including cell migration during development, regulation of cell size, proliferation, and apoptosis. Loss of Pten, however, does not interfere with cell fate determination.
In the nervous system, deletion of Pten in neural progenitor cells during embryogenesis disrupts migration and proper formation of the laminar structure of the brain (10, 11) . Depending on the specific population of cells targeted for Pten deletion, Pten loss is associated with both increases and decreases in proliferation and apoptosis. Postnatal deletion of Pten in selective neuronal populations resulted in dramatic increases in neuronal soma size without alterations in proliferation (12, 13) . Taken together, these studies with conditional knockout mice have shown that Pten loss results in disrupted regulation of cell size or cell number in the brain and underscore the importance of Pten in normal central nervous system development and maintenance.
Tumorigenesis resulting from Pten loss has been shown in a number of diverse tissues in mouse. For example, Pten loss is associated with increased proliferation of T-cells, B-cells, keratinocytes, prostate epithelium, and mammary epithelium. Tumorigenesis is observed in both Ptenϩ/Ϫ mice and Pten conditional knockout models, in which mice develop endometrial, lymphoid, thyroid, liver, testicular, breast, skin, and prostate cancers (7-9, 14 -19) . In contrast, less is known about the function of Pten in astrocytic tumorigenesis. In glioblastomas, PTEN mutations are found in combination with mutations in other genes including p53, INK4A/ARF, and EGFR (20) , and it is unclear which aspects of PTEN dysfunction contribute to glioblastoma formation. Because glioblastomas are believed to arise from an astrocyte or astrocyte precursor cell, we generated mice in which Pten was conditionally deleted in astrocytes. Here we show that Pten loss causes hypertrophy and hyperproliferation of cortical astrocytes. These results suggest that Pten plays a central role in modulating cell size and growth relevant to astroglial cell tumorigenesis in the nervous system.
MATERIALS AND METHODS
Transgenic Mice. GFAP-cre transgenic mice were described previously (21) , and they were used to drive cre recombinase expression in the nervous system of the mouse. GFAP-cre mice were bred with ROSA26R (22) Immunohistochemistry. Mice were transcardially perfused with 2% paraformaldehyde in PBS. All tissues were postfixed in 2% paraformaldehyde overnight. For X-gal staining, tissues were equilibrated in 25% sucrose in PBS for an additional 24 hours, then cryosectioned at a thickness of 12 m, and stained with X-gal. For paraffin sections, tissues were postfixed for an additional 24 hours in 4% paraformaldehyde, embedded in paraffin, and cut into 5-m sections. Littermate controls were perfused and processed at the same time as the matched conditional knockout animals and were of the genotypes Pten ϩ/ϩ ;GFAP-cre or Pten ϩ/ϩ or Pten loxP/loxP without cre. We performed immunohistochemistry with primary antibodies to BrdU (10 g/mL; Biodesign), Gfap (1:1000 for immunohistochemistry, 1:200 for immunofluorescence; Sigma, St. Louis, MO), Mac1 (1:50; PharMingen, San Diego, CA), Nestin (1:50; Chemicon, Temecula, CA), NeuN (1:500; Chemicon), Phosphoser 473-Akt (1:50; Cell Signaling, Beverly, MA), Pten (1:50; NeoMarkers, Freemont, CA), S100␤ (1:1,000 for immunohistochemistry, 1:200 for immunofluorescence; Sigma), S100 (1:100; Dako, Carpinteria, CA), and Map-2 (1:5,000; Sternberger Monoclonals, Inc., Lutherville, MD). We used microwave antigen retrieval for all of the antibodies except S100␤. We used fluorescein isothiocyanate or cyanine 3-conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for immunofluorescence. For immunohistochemistry, we used biotin-labeled secondary antibody detected by peroxidase-conjugated avidin (Elite ABC, Vector Laboratories, Burlingame, CA) treated with 3,3Ј-diaminobenzidine substrate, and counterstained with hematoxylin (Vector Laboratories). Coimmunodetection of BrdU with other proteins was performed sequentially as described previously (24) . Cresyl violet staining was carried out per standard protocol with 0.02% working solution of cresyl violet. Levels of apoptosis were analyzed by terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) staining with the ApopTag fluorescein in situ apoptosis detection kit (Chemicon) per the manufacturer's protocol. The 4Ј,6-diamidino-2-phenylindole stain was performed with Vectashield mounting media (Vector Laboratories).
Cell Counts and Measurements. The Bioquant system (Bioquant Image Analysis Corp., Nashville, TN) was used to determine the number of BrdUpositive, S100-positive, and NeuN-positive cells in the cerebral cortex of the animals. Three sets of matched sagittal sections were obtained, and immunodetection with BrdU (Biodesign), NeuN (Chemicon), or S100 (Dako) was used to detect proliferating cells, neurons, or glia, respectively. Using Bioquant, the area of the cerebral cortex that lies dorsal to the hippocampal formation was outlined, and the cells within this area that were positive for BrdU, NeuN, or S100 were counted. For each antibody, positive cells were counted from 3 sections from each brain, and 3 control and 3 Pten loxP/loxP ;GFAP-Cre brains were analyzed for each age. The Bioquant system was also used to estimate astrocyte soma size by outlining individual astrocyte soma in the corpus callosum from cells that contained a nucleus in the plane of section. Greater than 100 cells were measured from Gfap immunostained slides from control (n ϭ 3) or Pten loxP/loxP ;GFAP-Cre (n ϭ 3) mice. Primary Astrocyte Cultures and Analysis of Growth. Cortical astrocyte cultures were established from postnatal day 2 mice. Tissue from the cerebral cortex was cut into small pieces, and either digested in a 1:1 mixture of DMEM and trypsin/EDTA solution for 15 minutes at 37°C or mechanically disaggregated without trypsin. Tail DNA was used to determine the genotype of each animal. Astrocytes were seeded as separate cultures (passage 0) in Primaria T25 flasks in DMEM supplemented with 10% FCS, 20 ng/mL mouse epidermal growth factor (E-4127, Sigma), 50 mg/mL penicillin, and 50 mg/mL streptomycin until subconfluent (day 5), then trypsinized and replated in Primaria (Falcon, San Jose, CA) T75 flasks (passage 1). On day 8, 4 ϫ 10 4 cells were seeded in 35-mm dishes (passage 2). Triplicate dishes were seeded and counted for cultures established from each mouse. Cells were trypsinized, and the number of trypan blue-excluding cells was determined by direct counting in a hemocytometer in triplicate on days 9 to 14. Numbers were plotted as cells per square centimeter growth area.
Southern Blot Analysis. Genomic DNA was extracted from mouse tails, and primary astrocyte cultures, digested with HindIII, were separated by electrophoresis in a 1% agarose gel and transferred to Hybond-N ϩ nylon filter by alkaline transfer. A 380-bp fragment of Pten intron 3 (13) was used to detect the wild-type, floxed, and cre-mediated deletion of the floxed Pten locus. Western Blot Analysis. Protein was extracted from primary cerebral cortical astrocyte cultures with Cell Lysis Buffer (Cell Signaling) containing 10 mmol/L sodium fluoride, 1 mmol/L sodium orthovanadate, and protease inhibitor cocktail (Roche, Indianapolis, IN). Protein samples (15 g) were resolved on a 4 to 12% gradient Bis-Tris gel and transferred to nitrocellulose. Proteins were detected with antibodies against Pten (1:500; NeoMarkers), P-Akt (1:1,000; P-Ser 473, Cell Signaling), or ␤-actin (1:2,500; Sigma) and visualized with peroxidase-conjugated secondary antibodies and Super Signal chemiluminescent detection (Pierce, Rockford, IL).
RESULTS

GFAP-cre Mice Exhibit
Cre-Mediated Recombination in Astrocytes and a Subset of Neurons. To selectively delete Pten in the mouse central nervous system, we used GFAP-cre transgenic mice, in which the human glial fibrillary acidic protein (GFAP) promoter directs expression of a bicistronic message comprising cre recombinase, an internal ribosome entry site and a lacZ reporter gene (21) . Previous characterization of these GFAP-cre mice showed that Cre and ␤-galactosidase were coexpressed selectively in astrocytes and not in neurons, with expression detected at E14.5, consistent with the expected expression pattern for the GFAP promoter. No expression was observed outside the central nervous system (21) . Because Cre recombinase irreversibly deletes segments of DNA flanked by loxP sites, the current expression of a cre transgene may give an incomplete indication of the accumulated Cre-mediated excision within a tissue. We bred GFAP-cre mice with ROSA26R reporter mice to accurately assess the extent of Cre-mediated recombination. These reporter mice express the lacZ reporter gene constitutively only after Cre-mediated recombination occurs (22) . The lacZ expression in GFAP-cre mice (Fig. 1 , A and C) shows the current GFAP-cre transgene expression, whereas lacZ expression in GFAP-cre;ROSA26R mice reveals a much greater number of cells in which Cre-mediated deletion occurred ( Fig.  1 , B and D). There was no detectable reporter expression in brains from ROSA26R mice without the cre transgene (data not shown). Expression of the Cre reporter was detected in neuronal populations that lacked expression of the GFAP-cre transgene. For example, whereas there was no detectable expression of the transgene in select neuronal populations in the dentate gyrus and hippocampus (Fig. 1C) , Cre reporter expression showed extensive Cre-mediated recombination in these neuronal populations (Fig. 1D) . The most striking examples of neuronal Cre-mediated recombination occurred within the hippocampal region and the granule neurons of the cerebellum, with less Cre-mediated recombination in other neuronal populations throughout the brain (Fig. 1B) . GFAP-cre mice bred with an alternative Cre reporter mouse, Z/EG (25) , confirmed the presence of Cremediated deletion in astrocytes as well as neurons (data not shown).
Pten Loss in Astrocytes and Neurons of Pten loxP/loxP ;GFAP-Cre Mice. We crossed GFAP-cre mice with Pten loxP mice (23) to selectively inactivate Pten in astrocytes and neurons. Loss of Pten expression was observed throughout the brain in cell populations, consistent with the Cre reporter expression shown in GFAP-cre;ROSA26R mice. For example, loss of Pten expression was observed in the hippocampal region of mutant mice compared with control mice, including many pyramidal neurons in the hippocampus and granule neurons of the dentate gyrus ( Fig. 2A) . Previous studies showed that Pten loss was typically associated with an increase in cellular levels of phosphatidylinositol 3,4,5-triphosphate and a resulting increase in the phosphorylation and activation of the downstream effector Akt (4). As expected, minimal levels of phosphorylated Akt were observed in control mice, compared with a dramatic increase in phosphorylated Akt that corresponded to Pten loss in the Pten loxP/loxP ;GFAP-Cre mice (Fig. 2B) . Pten loss was clearly detectable but less widespread in the cerebral cortex (Fig. 2C) , consistent with the Cre reporter expression observed in the GFAP-cre;ROSA26R mice (Fig. 1) . To show Pten deletion in astrocytes, we established primary cortical astrocyte cultures. Southern blot analysis showed virtually complete Cre-mediated deletion of the Pten loxP allele within astrocytes from Pten loxP/loxP ; GFAP-Cre mice, compared with DNA extracted from tail where Cre recombinase was not active (Fig. 3A , Lanes 5-7 compared with Lane 2). As expected, Pten loxP/loxP ;GFAP-Cre astrocytes showed a loss of Pten protein expression and a corresponding increase in phosphorylated Akt (Fig. 3B) . Therefore, Pten loxP/loxP ;GFAP-Cre mice showed Pten inactivation in astrocytes as well as subsets of neuronal populations, as predicted from the GFAP-cre;ROSA26R reporter expression.
Decreased Survival Rates in Pten loxP/loxP ;GFAP-Cre Mice. Pten loxP/loxP ;GFAP-Cre mice were phenotypically indistinguishable from their littermate controls at birth. However, Pten loxp/loxp ;GFAPcre mice died prematurely compared with control mice. Fifty-two control and 49 Pten loxP/loxP ;GFAP-Cre mice were observed over a period of 160 days (Supplemental Fig. 1 ). Forty percent of the Pten loxP/loxP ;GFAP-Cre mice died before reaching 50 days of age; however, mutant mice that survived past 50 days had similar life spans to those of the control group during the observation period. In the mice that died prematurely, enlarged domed-shaped heads and ataxia were detectable by 3 weeks of age, and a similar phenotype developed later in the surviving mutant mice. Seizures were observed in ϳ20% of mutant mice, with an average onset at 10 weeks of age. The difference in survival between the two cohorts of Pten loxP/loxP ;GFAPCre mice may reflect the influence of different genetic backgrounds within the mouse colony (FVB/C57Bl/129).
Enlarged Neurons and Astrocytes Contribute to the Brain Hypertrophy Seen in Pten
loxP/loxP ;GFAP-Cre Mice. Previous Pten conditional knockout models have shown disrupted neuronal migration during development with varying severity, which reflects the (10 -13) . Similarly, we observed developmental abnormalities in the laminar organization of neurons because of incomplete neuronal migration in the hippocampus and cerebellum (Supplemental Fig. 2 ). In addition, we observed abnormalities acquired in aging animals after normal brain development was complete. Gross examination showed an overall enlargement of the entire brain of adult Pten loxP/loxP ;GFAP-Cre mice compared with Pten ϩ/loxP ; GFAP-cre or wild-type controls (Fig. 4A) . Macrocephaly of Pten conditional knockout mice increased progressively with age (Supplemental Fig. 3A) . Previous studies in which Pten was selectively deleted in specific neuronal populations showed hypertrophy caused by a cell autonomous increase in nuclear and soma size of Ptendeficient neurons (12, 13) . Consistent with these earlier studies, Ptenexpressing neurons in control or Pten loxP/loxP ;GFAP-Cre mice maintained a similar size, whereas Pten-deficient neurons in Pten loxP/loxP ; GFAP-Cre mice showed a substantial increase in both nuclear and soma size (Fig. 4B) . This cell-autonomous hypertrophy was observed in Pten-deficient neurons throughout the brain including the cerebral cortex, hippocampal region, and cerebellum. To assess the effect of Pten loss on astrocytes, we visualized astrocytes by immunohistochemistry for Gfap, an astrocyte marker. Compared with controls, there was a dramatic increase in the number of cells expressing Gfap throughout the enlarged Pten loxP/loxP ;GFAP-Cre brains (Fig. 4C , sagittal sections). Such an increase in Gfap immunoreactivity could indicate an increase in the number of astrocytes or reactive astrocytosis, a process that occurs after insult or injury, characterized by hypertrophic astrocytes and enhanced Gfap immunoreactivity with or without proliferation (26) . A higher magnification view of Gfap immunofluorescence clearly demonstrates dramatic enlargement of astrocytes in Pten loxP/loxP ;GFAP-Cre mice compared with control mice (Fig. 4C, bottom panels; Supplemental Fig. 3B ). Astrocyte hypertrophy was detectable by 4 weeks of age and increased progressively with age. An additional feature of reactive astrocytes is coexpression of nestin, a marker normally expressed in neural progenitor cells, along with Gfap (27) . The vast majority of Gfap-expressing cells in Pten loxP/loxP ;GFAP-Cre brains did not express nestin (data not shown). However, there were focal areas in some adult Pten loxP/loxP ; GFAP-Cre brains that contained reactive astrocytes. These cells were hypertrophic, coexpressed nestin and Gfap (Fig. 4D) and, in some cases, showed proliferation as well as occasional binucleated cells (data not shown). Reactive astrocytes were limited to damaged regions, including the hippocampal formation of an animal that had frequent seizures, and showed substantial neuronal death in this region, as well as in areas of the cerebellum immediately adjacent to the skull, in which brain enlargement was likely to cause parenchymal compression. Reactive astrocytosis is also sometimes accompanied by microgliosis, an immune response by microglia within the brain. However, microglia, identified by Mac-1 immunopositivity, were only rarely observed in the hippocampal region in a few animals that had experienced seizures (data not shown). Thus, Pten-deficiency caused a substantial enlargement in both neurons and astrocytes. The massive hypertrophy of astrocytes in Pten loxp/loxp ;GFAP-cre mice was distinct from areas of reactive astrocytosis that included coexpression of nestin and Gfap, and in some cases, the presence of infiltrating microglia.
Increased Proliferation of Pten-Deficient Astrocytes In vitro and In vivo. We next assessed the effects of Pten loss on astrocyte proliferation in primary cortical astrocyte cultures. Astrocyte proliferation in culture was determined at passage 2 by direct counting. The experiment shown in Fig. 5A is representative of growth curves evaluated from astrocyte cultures established from a total of 6 PtenloxP/loxP ;GFAP-Cre, 8 Pten ϩ/loxP ;GFAP-Cre, and 6 Pten ϩ/ϩ ;GFAPCre mice. Pten-deficient astrocytes showed higher proliferation rates and continued to proliferate at increased saturation densities, compared with wild-type and Ptenϩ/Ϫ astrocytes (Fig. 5A) . We additionally investigated proliferation in vivo in 2-week-old and adult (Ͼ2 months) Pten loxP/loxP ;GFAP-Cre and control mice. S-phase cells were labeled by giving mice injections with BrdU. Pten loxP/loxP ;GFAP-Cre mice showed a significant increase in the number of BrdU-positive cells compared with the normal proliferation occurring in the cerebral cortex of control mice at 2 weeks of age (P Ͻ 0.0001; Fig. 5B ). Little 
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on July 24, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from proliferation was detected in the cerebral cortex of adult control animals, whereas the Pten loxP/loxP ;GFAP-Cre mice showed a significant increase in the number of cells that had entered S phase and were proliferating (P Ͻ 0.0001; Fig. 5B ). We detected BrdU incorporation in cells that expressed S100␤, a glial marker expressed in the nuclei and cytoplasmic projections of glia (Fig. 5C ). In areas containing reactive astrocytes, we also detected nestin-expressing cells that incorporated BrdU (data not shown). We did not detect BrdU incorporation in neurons, identified by the neuronal marker NeuN (Fig. 5D) .
Pten loss is also associated with changes in apoptosis in some cell types (10, 11) . We performed TUNEL staining to detect apoptotic cells in control and Pten loxP/loxP ;GFAP-Cre brains from mice at P14 and adult mice. However, there was no substantial apoptosis detected in control brains, and only occasional apoptotic cells were observed in Pten loxP/loxP ;GFAP-Cre brains (data not shown). In this regard, alterations in the level of apoptosis do not account for the dramatic brain enlargement in Pten loxP/loxP ;GFAP-Cre mice. The ongoing proliferation of glia and absence of extensive apoptosis suggested that there would be an increased number of glia in Pten loxP/loxP ;GFAP-Cre brains. The substantial hypertrophy of Ptendeficient cells resulted in a decreased cell density in Pten loxP/loxP ; GFAP-Cre mice, compared with controls (Fig. 6, A and B) , that was progressive and much more pronounced in adult compared with juvenile mutant mice (data not shown). The decrease in cell density could result in a substantial underestimate of cell number if counting was performed in an area of defined size, a common approach to assess cell number. Therefore, to estimate variation in cell number, we counted cells within a defined anatomic region, which comprised a greatly enlarged area in Pten loxP/loxP ;GFAP-Cre mice. To estimate differences in the number of glia and neurons, we counted the number of cells that were immunopositive for S100, a glial marker, or NeuN, a neuronal marker. There was a significant increase in the number of S100-positive cells in the cerebral cortex of Pten loxP/loxP ;GFAP-Cre mice at P14 and in adults (P Ͻ 0.0001 for both age groups; Fig. 6C ). In contrast, there was no increase in the number of NeuN-positive cells in the 2-week or adult animals (Fig. 6D) , consistent with the absence of detectable proliferation of neurons. In fact, there was a decrease in NeuN-positive cells in adult mutant mice (P Ͻ 0.01), which may be accounted for by the low levels of apoptosis observed in mutant mice. Thus, increases in cell number involved glia, but not neurons. 
DISCUSSION
Pten function is highly dependent on the particular cell type and the specific developmental context, a feature of many tumor suppressors involved in nervous system formation and tumorigenesis. Previous studies examining the consequence of Pten inactivation on brain development have focused on neurons and neuroglial progenitor cells. Selective inactivation of Pten in neuronal cell populations during the first week of postnatal life resulted in a progressive increase in soma size without evidence of abnormal proliferation (12, 13) . In contrast, Pten loss in neuroglial progenitor cells throughout the central nervous system at mid-gestation resulted in increased progenitor cell numbers, attributable to both increased proliferation and decreased cell death (apoptosis). However, ectopic proliferation was not observed in regions outside of the zones of normal progenitor cell proliferation (23) .
To gain insights into the role of Pten in astroglial cell growth control and tumorigenesis, we generated mice in which Pten inactivation occurred in astrocytes. In this study, we show that selective deletion of Pten in the brain caused a dramatic hypertrophy attributed to cellular hypertrophy of astrocytes and neuronal soma, as well as enhanced and ongoing glial cell proliferation, even in the adult brain. This ongoing glial cell proliferation was seen in the adult cerebral cortex, far removed from regions where the proliferation of progenitor cells is found normally in the mature brain. In contrast, previous studies of selective neuronal Pten inactivation showed substantial cellular hypertrophy without ongoing proliferation in the adult brain (12, 13) . This suggests that Pten inactivation in astroglial cells results in the generation of cell populations that continue to proliferate throughout the life of the animal and could contribute to tumor formation.
Although the primary target of Cre-mediated deletion directed by GFAP-cre mice was astroglia, we also observed Cre-mediated deletion in a subpopulation of neurons. We hypothesize that the neuronal Pten inactivation seen in our GFAP-cre mice reflected transient Cre expression in neuroglial progenitor cells, including radial glia. Support for the expression of GFAP in radial glial progenitor cells capable of giving rise to both neurons and astrocytes derives from studies of subventricular zone progenitor cells in the developing and adult mouse (28) . Consistent with this hypothesis, several independently generated Gfap-cre transgenic mouse lines have exhibited various levels of Cre-mediated deletion within neuronal populations, despite the absence of ongoing Cre expression in these cells (13, 29 -31) . The varied extent of neuronal involvement is likely a reflection of the pool of neuroglial progenitors expressing Cre in each transgenic line. Importantly, the GFAP-cre transgenic line used in the present study allows analysis of Pten-deficient astrocytes in the adult cerebral hemispheres, the most common site of glioblastoma formation.
Although some of the effects observed in Pten-deficient astrocytes could be a secondary response to abnormalities within Pten-deficient neurons, three lines of evidence argue to the contrary. First, areas with reactive astrocytes and microglial invasion were distinct from the astrocytic hypertrophy observed throughout the brain. Second, proliferating astrocytes in these mice did not express protein markers (e.g., nestin) associated with reactive astrocytosis. Finally, primary astrocyte cultures from these mice displayed accelerated proliferation, consistent with a cell-intrinsic defect in Pten-deficient astrocytes.
In addition to increased cell proliferation, we also observed a slight increase in apoptosis in adult Pten loxP/loxP ;GFAP-Cre brains, consistent with decreased numbers of cerebral cortical neurons in adult mutant mice. Previous studies examining the effect of Pten deletion in Purkinje neurons also showed progressive loss of these cells in adult mice (11) . Lastly, with antisense oligonucleotide Pten suppression, loss of Pten expression in cultured central nervous system stem cells leads to the death of resulting immature neurons (32) . Collectively, these observations indicate that the outcome of Pten deficiency is different between neurons and astrocytes. In this regard, the ability to promote proliferation in astrocytes, but not in neurons, likely reflects the inherent susceptibility of these two cell populations to tumorigenesis in the adult brain.
Insights into the function of Pten in regulating organ and organism size have derived from studies of the insulin signaling pathway in Drosophila. The insulin signaling pathway in flies is critical for controlling both cell size and cell number. Effector proteins in this pathway include homologs of genes that are targeted by mutation in human cancers, including phosphatidylinositol 3Ј-kinase, AKT, PTEN, and the tuberous sclerosis complex (TSC) tumor suppressors, TSC1 and TSC2 (33) . Previously, Tsc1 was inactivated in mice with the same GFAP-cre transgenic lines used in the present study. In primary astrocyte cultures, Tsc1 deficiency showed dramatic effects on cell size but no substantial change in the proliferation of subconfluent cultures (34) . In contrast, Pten-deficient primary astrocyte cultures showed increased proliferation without substantial increase in size. In vivo, both the Pten and Tsc1 conditional knockout mice showed an overall hypertrophy of the brain and dramatic increases in Gfap-positive cells and proliferation. However, the hippocampal neuronal migration defects seen in Pten loxP/loxP ;GFAP-Cre mice reported herein were not observed in Tsc1 loxP/loxP ;GFAP-Cre mice (35) . In this manner, these two related mouse models provide novel experimental systems to begin to dissect the critical effectors responsible for specific defects resulting from disruption in regulation of PI3k signaling. Furthermore, these observations are relevant to human disease, because in humans, hereditary mutation of PTEN or TSC1 results in the development of phenotypically distinct syndromes, in which affected patients develop multiple dysplastic hamartomatous growths (36) . In light of the common downstream effectors involved in the Pten and Tsc growth regulatory pathways, previous studies have shown that in vivo inhibition of mTor blocks hypertrophy of Pten-deficient neurons (37) and also inhibits proliferation of Pten-deficient and Tsc-deficient tumor cells (38 -40) . Unique downstream effectors that discriminate between hypertrophy versus hyperproliferation have yet to be identified.
Although the precise relationship between cell size control and tumorigenesis remains undefined, it is interesting to note that some oncogenes that play prominent roles in cancer also influence cell size in Drosophila, including Myc, Ras, and Cyclin D (41) . In mammalian cells, there are context-dependent influences on cell size. For example, c-Myc deficiency caused decreased body mass because of hypoproliferation without influence on cell size (42), whereas overexpression of c-Myc increased B-cell size independent of the cell cycle (43, 44) . Levels of the cell cycle regulatory protein p27
Kip1 are negatively regulated by Pten and Tsc1 and Tsc2 in some, but not all, of the contexts (35, (45) (46) (47) (48) (49) . Interestingly, p27
Kip1 regulates organ and organism size through the regulation of proliferation, but not cell size (50, 51) . The regulation of cell size and cell proliferation is normally tightly coupled, with cells reaching a critical size before progressing through the cell cycle. When these processes remain coupled, increased cell growth may be instrumental in driving accelerated proliferation (33), a relationship that would clearly provide a growth advantage contributing to the development of cancer.
The contribution of PTEN inactivation to glioblastoma formation likely occurs through multiple mechanisms. Notably, the absence of PTEN mutations in lower grade gliomas (26) tumor-associated mutations. Using glioma cell lines, it has been shown that enforced expression of PTEN results in abnormalities in cell cycle regulation, apoptosis, cell motility, angiogenesis, and regulation of metalloproteases associated with tumor cell invasion (52) . However, it is unknown which of these effects of PTEN overexpression, revealed by in vitro manipulation of tumor cell lines, is important for glioblastoma formation in vivo. In a mouse model for astrocytomas, tumor development induced by inactivation of the pRb pathway in astrocytes was accelerated in Pten ϩ/Ϫ mice, with an associated decrease in apoptosis (53) , suggesting that Pten loss contributes to tumorigenesis in vivo. It is unclear whether the wild-type Pten allele was retained in the resulting tumors or if other functions in addition to reduced apoptosis associated with Pten deficiency also contributed to astrocytoma formation. Further studies with the mice described in this study as well as other related Pten conditional knockout strains will be invaluable in dissecting the various functions of Pten relevant to brain tumor formation and progression.
